Disulfide bonds are found in many proteins associated with the cell wall of Escherichia coli, and for some of these proteins the disulfide bond is critical to their stability and function. One protein found to contain a disulfide bond is the essential cell division protein FtsN, but the importance of this bond to the protein's structural integrity is unclear. While it evidently plays a role in the proper folding of the SPOR domain of FtsN, this domain is non-essential, suggesting that the disulfide bond might also be dispensable. However, we find that FtsN mutants lacking cysteines give rise to filamentous growth. Furthermore, FtsN protein levels in strains expressing these mutants were significantly lower than in a strain expressing the wild-type allele, as were FtsN levels in strains incapable of making disulfide bonds (dsb -) exposed to anaerobic conditions. These results strongly suggest that FtsN lacking a disulfide bond is unstable, thereby making this disulfide critical for function. We have previously found that dsb -strains fail to grow anaerobically, and the results presented here suggest that this growth defect may be due in part to misfolded FtsN. Thus, proper cell division in E. coli is dependent upon disulfide bond formation.
Introduction
Disulfide bonds are essential for the structural integrity and function of many proteins located in the bacterial cell wall. The covalent linkage of cysteine residues can support the proper folding of proteins and can stabilize their active conformations (Kadokura et al., 2003) . In bacteria, those proteins requiring structural disulfide bonds include the flagellar motor protein FlgI (Dailey and Berg, 1993) , the lipopolysaccharide transport protein LptD (Ruiz et al., 2010) , as well as toxins (Zhang et al., 1995) , secretion systems (Ha et al., 2003) , and transcriptional factors (Peek and Taylor, 1992) associated with bacterial pathogens (Heras et al., 2009) . While it has been shown that these disulfide bonds can form spontaneously in oxygenated environments (Anfinsen, 1973) , the rate at which this chemical oxidation occurs is often not rapid enough under physiological conditions. For this reason, bacteria have evolved enzymes capable of catalyzing disulfide bond formation in the periplasm, with the most notable example being the Dsb system present in Escherichia coli (Bardwell et al., 1991; Kadokura et al., 2003) .
DsbA is a periplasmic thioredoxin-like protein containing a CXXC motif in which the two cysteines are disulfide bonded. Its redox potential and the thermodynamically stable nature of its reduced form combine to make DsbA one of the most oxidizing proteins yet described (Zapun et al., 1993) , ideal for its role in catalyzing disulfide bond formation in substrate proteins. When DsbA comes into contact with newly-secreted proteins containing multiple cysteines, a disulfide exchange reaction occurs in which two electrons are transferred to DsbA, leading to the reduction of DsbA's cysteines and the formation of a disulfide bond in the DsbA substrate protein. In order to regenerate active DsbA, electrons from the reduced DsbA are deposited onto the cysteines of the membrane-bound DsbB . This restores the disulfide bond in DsbA, thus making it available for interaction with other substrates. The electrons on DsbB are passed between cysteine pairs and deposited onto quinones within the plasma membrane, which ultimately pass the electrons onto the electron transport chain. While some substrates of the Dsb pathway have been identified, there are hundreds of potentially disulfide-bonded proteins in the periplasm that may play important roles in E. coli's physiology (Hiniker and Bardwell, 2004) . Accepted 22 October, 2016 . *For correspondence. E-mail jon_beck-with@hms.harvard.edu; Tel. 617-432-1920; Fax 617-432-4787 . One process in which disulfide-bonded proteins may play a key role in E. coli is cell division. Following replication of the bacterial genome and lengthening of the lateral cell wall, a ring-shaped structure called the divisome is established at the future point of cell division. This divisome is made up of at least 12 essential proteins that are assembled in a sequential manner (Weiss, 2015) . One of the last proteins to be recruited to the divisome is FtsN. While the exact function of FtsN is unclear, it likely plays a key role in activating septal peptidoglycan synthesis (Gerding et al., 2009; Liu et al., 2015; Tsang and Bernhardt, 2015) . Additionally, the assembly of FtsN into the divisome triggers constriction of the divisome along with recruitment and possibly activation of amidases required for cleavage of the septal wall (Wissel and Weiss, 2004; Karimova et al., 2005; M€ uller et al., 2007; Gerding et al., 2009; Arends et al., 2010) .
FtsN is made up three major domains -a short Nterminal cytoplasmic domain, a single transmembrane segment, and a long periplasmic domain. The cytoplasmic tail has been shown to be required for the initial localization of FtsN at the site of division via interaction with the cell division protein FtsA (Goehring and Beckwith, 2005; Busiek and Margolin, 2014) . The periplasmic domain is made up of three short helical regions, a glutamine-rich linker region, and a C-terminal SPOR domain found to be important for binding to glycan strands lacking stem peptides (Ursinus et al., 2004; Gerding et al., 2009; Yahashiri et al., 2015) . This SPORdependent binding likely anchors FtsN to old cell division sites even after FtsA is recruited to newlyassembled Z-rings, thus preventing premature disassociation of FtsN from the divisome (Busiek and Margolin, 2014) . The SPOR domain may also balance the rates of peptidoglycan synthesis with peptidoglycan processing and outer membrane invagination (Yahashiri et al., 2015) . However, while the SPOR domain clearly contributes to FtsN's function, it is not essential, as mutants lacking the SPOR domain remain viable (Ursinus et al., 2004; Gerding et al., 2009) , even when expressed at near native levels (Busiek and Margolin, 2014) . Expression of a region of just 19 amino acids centered around the helical periplasmic domain of FtsN has been found to be sufficient for growth if over-expressed (Gerding et al., 2009; Liu et al., 2015) .
Studies of the only two cysteines present in the SPOR domain of FtsN have suggested that they may form a disulfide bond, thereby making FtsN a potential DsbA substrate (Duncan et al., 2013) . The authors showed that, concordant with this hypothesis, dsbA -strains contained lower concentrations of FtsN, perhaps due to the unstable nature of the reduced (non-disulfidebonded) form of the protein. Additionally, mutant SPOR domains lacking cysteines failed to properly localize to the divisome and were largely degraded. These latter studies, however, utilized a strain expressing the essential portion of ftsN from the genome and a gfp-tagged SPOR domain expressed from a plasmid. Thus the importance of a potential disulfide bond to the structural integrity of native, full-length FtsN remains an open question.
We have recently discovered that dsb -strains display a severe growth defect when shifted to anaerobic conditions (Landeta et al., 2015) 
Results

Isolation of cysteine mutants of FtsN
We sought to investigate whether cysteine mutants of the essential protein FtsN are capable of supporting proper cell division and growth of E. coli. As a first step in constructing such mutations, wild-type ftsN was placed under the control of P lac , an IPTG-inducible promoter, on a plasmid (pNP11). Versions of this plasmid were then constructed in which the cysteines of ftsN were converted to serine, both singly and in combination. These plasmids were then transformed into an ftsN 1 strain of E. coli (HK295).
If cysteine mutants of FtsN function as efficiently as wild-type, then we should be able to eliminate the genomic copy of ftsN. However, if the FtsN cysteine mutants were not sufficiently functional, we would not be able to isolate strains expressing only the cysteine mutants of FtsN. We therefore sought to create a strain in which the genomic, wild-type allele of ftsN could be depleted. In this way we could grow strains harboring both the wild-type ftsN and cysteine mutants of ftsN by inducing expression of the wild-type allele, then deplete the wild-type FtsN and induce expression of the mutant FtsN to determine what effects the mutant FtsN had on cell division and growth.
To convert the genomic copy of ftsN to a regulatable version of ftsN, a P1 phage lysate was grown on strain T8225 and used to transduce recipient strains carrying plasmid-encoded wild-type or cysteine mutant alleles of ftsN to kanamycin resistance. This phage carries a construct in which a kanamycin resistance cassette is inserted between the genomic copy of ftsN and the ftsN promoter, and ftsN is placed under the control of an arabinose-inducible promoter (P BAD ). This construct also encodes araC, the product of which activates the P BAD promoter in the presence of arabinose, important because our parental strain lacks the arabinose utilization operon.
As a first test of the activity of the FtsN mutants, potential transductants carrying wild-type or cysteine mutants of FtsN were plated onto LB containing 25 mg/ ml kanamycin and 250 mM IPTG, but no arabinose. Such conditions allow for the induction of the plasmidborne copy of ftsN in these cells but prevent significant expression from the genomic copy. Notably, strains expressing each of the ftsN alleles gave rise to kanamycin-resistant colonies at high frequencies, suggesting that the FtsN cysteine mutants may express sufficient activity to allow growth, at least at high concentrations of IPTG.
Cysteine mutants of FtsN require higher concentrations of IPTG
The ability of strains expressing cysteine mutants of FtsN to grow suggested that either these variants functioned as well as wild-type or that over-expression of such variants could overcome any potential instability in the mutant proteins caused by the lack of a disulfide bond. To distinguish between these possibilities, we determined the minimal IPTG concentration necessary for growth of strains expressing the various ftsN alleles in both rich and minimal media. We reasoned that if the cysteine mutants of FtsN functioned as well as the wildtype protein, then all strains should grow with similar concentrations of IPTG. However, Table 1 shows that strains expressing cysteine mutants of FtsN require significantly more IPTG for growth, suggesting that FtsN variants lacking a disulfide bond require higher expression levels to maintain adequate pools of active protein. This also suggests that any background expression of the arabinose-inducible genomic copy of ftsN is insufficient to support growth.
Strains expressing cysteine mutants of FtsN have a severe growth defect
In an effort to better understand the effect that a nondisulfide-bonded FtsN had on cell division, a growth curve was performed in minimal medium. After growing strains in the presence of a high concentration of IPTG (1 mM), cultures were diluted into medium containing a low concentration of IPTG (50 mM). While the cysteine mutants appeared to increase in density at the same rate as wild-type in early log phase, increases in density ceased as the cells entered late log/early stationary phase (Fig. 1A ). Visual inspection of the cysteine mutant cultures revealed large clumps of cells, suggesting that the increases in optical density might not reflect productive cell division. To investigate this possibility, a second growth curve was performed under the same conditions but samples of cultures were serially diluted and plated for colony-forming units (cfu). Figure 1B clearly shows that cell division in strains expressing cysteine mutants of FtsN is impaired almost immediately after dilution into growth medium containing a low concentration of IPTG.
Strains expressing cysteine mutants of FtsN form filaments
After 5 h growth in 50 mM IPTG, samples were taken from cultures of strains expressing the various alleles of ftsN and visualized with DIC microscopy. Cultures expressing wild-type ftsN gave rise to cells with the typical short rod morphology associated with E. coli. However, each of the cysteine mutants of FtsN gave rise to long filaments ( Fig. 2) when grown under these lowexpression conditions. Addition of 1 mM IPTG greatly reduced the frequency at which filaments were observed (Supporting information Fig. S1 ).
FtsN lacking a disulfide bond is unstable
The requirement for high levels of IPTG in strains expressing cysteine mutants of FtsN suggested that the protein being expressed was not stable and that this instability could only be overcome by making large quantities of the protein. To test this hypothesis, samples were taken from log-phase cultures expressing Cys252Ser (closed squares), Cys312Ser (diamonds), or Cys252/312Ser (open squares) alleles of ftsN were grown to log phase in M63glu and cells were pelleted by centrifugation. Supernatants were removed and cells were resuspended in M63glu 1 50mM IPTG. Cultures were grown at 378C on a rolling wheel. Growth was monitored by OD 600 (A) or by enumerating colony-forming units (B). All strains were grown in triplicate and results show averages 6 SD.
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C. D. were also affected in strains impaired in the Dsb pathway. E. coli mutants lacking either one of the components of the Dsb pathway for periplasmic disulfide bond formation grow well aerobically. However, we have recently found that these strains exhibit a severe growth defect when placed under anaerobic conditions (Landeta et al., 2015) (B.M.M. and J.B., unpublished). We interpret these results to mean that in the absence of enzymatically catalyzed disulfide bond formation, an aerobic environment can still adequately support the chemical generation of such bonds in some proteins sufficient to allow growth, possibly due to pools of oxidized small molecules that can accept electrons from substrate proteins. The degree of this background oxidation in the absence of DsbA varies from protein to protein. Since formation of the disulfide bond in FtsN might be catalyzed either by DsbA's activity or by chemical oxidation, we sought to compare the levels of FtsN protein in dsb -mutants under both aerobic and anaerobic conditions. In agreement with previous results (Duncan et al., 2013) , we found that FtsN levels were slightly lower in a DdsbA strain compared to wild-type under aerobic conditions, while the level of FtsN in the DdsbB strain was unchanged (Fig. 3B) . However, under anaerobic conditions, the amount of FtsN protein in both the DdsbA and DdsbB strains was dramatically lower than wild-type (Fig. 3B) . This supports the notion that the disulfide bond in FtsN can be introduced enzymatically via DsbA or through background oxidation. To confirm that the FtsN present in the aerobically grown dsb -strains contains a disulfide bond, cultures were first incubated with N-ethylmaleimide (NEM) to block free sulfhydryl groups. Protein extracts of these strains were then prepared and treated with dithiothreitol (DTT) to break any potential disulfide bonds. After removing the DTT, the thiolreactive compound AMS was then added to the protein extracts. The cysteine residues of any proteins containing disulfide bonds would be protected from the initial treatment with NEM, but DTT treatment would reduce the disulfide and thereby expose the cysteines to the highly-reactive AMS. Binding of AMS increases the molecular weight of a protein by 0.5 kDa per cysteine, and this shift can be detected via SDS-PAGE followed by immunoblot analysis. As shown in Fig. 3C , the FtsN present in aerobically grown cultures of WT and DdsbA strains increases in size when treated with DTT and AMS, indicating the presence of a disulfide bond. Taken together, these results strongly suggest that the disulfide bond in FtsN is crucial for its stability and function.
Discussion
Despite the fact that the Dsb pathway was first described more than 25 years ago, identification of Dsb B. FtsN levels were also determined for HK295 (WT, lanes 1&4), HK317 (DdsbA, lanes 2&5), and HK320 (DdsbB, lanes 3&6) under both aerobic and anaerobic conditions. RpoA acts a loading control. C. Log phase aerobic cultures of HK295 (WT) and HK317 (DdsbA) were incubated with 60mM NEM for 30 min to block reactive sulfhydryl groups before preparing protein extracts (i.e., cysteines not part of a disulfide bond). Protein extracts were then treated with DTT to break any disulfide bonds present. Finally AMS was added to alkylate these newly reduced cysteines before immunoblot analysis for FtsN. Nonderivatized samples (no NEM, no AMS) were treated with 100mM DTT just prior to loading as a control to detect reduced, non-alkylated protein. ox 5 oxidized, red 5 reduced.
substrates is far from complete. Although there are potentially more than 300 substrates present in the periplasm of E. coli, only a small fraction have been confirmed to contain disulfide bonds. For many of these, the stability provided by the disulfide bond is essential for the function of the protein and may be important for withstanding harsh environmental conditions. Because many disulfide-bonded proteins are associated with pathogenicity, the Dsb proteins represent vulnerable targets for the development of small molecule inhibitors that act as potent anti-virulents, since inhibition of the DSB system would result in the simultaneous inactivation of several classes of virulence factors (Landeta et al., 2015; Halili et al., 2015) . A more complete accounting of Dsb substrates may also provide insights into conditions in which such a system might be essential for growth, thus extending the use of small molecule inhibitors of disulfide bonding as antibiotics. FtsN is clearly critical for growth, and the results presented here confirm that it is a Dsb substrate. However, its role in cell division is not well understood. While FtsN is essential in E. coli, FtsN homologs are present in only a small subset of bacteria including enterics and Haemophilus (Dai et al., 1996) . Thus, either the steps mediated by FtsN are not critical for these bacteria or its function is provided by other cell division proteins present in these organisms. By associating directly with peptidoglycan and the Z-ring, FtsN provides a satisfying explanation for how the constriction of the divisome might also pull the cell wall inward, thus maintaining the cell's structural integrity during division. In such a scenario, a SPOR domain, which has been shown to bind to processed peptidoglycan in FtsN and other proteins would seem to be critical to this membrane-spanning association, so it was surprising to learn that the SPOR domain was not required for FtsN's function (Ursinus et al., 2004; Gerding et al., 2009) . In light of this finding, it is not unreasonable to conclude that the disulfide bond in a non-essential domain would most likely be dispensable. However, we wondered if the structural disorder in the SPOR domain caused by the lack of a disulfide bond might lead to instability throughout the entire full-length protein.
The fact that significantly more IPTG was necessary for growth of strains expressing cysteine mutants of FtsN suggested that these mutant proteins were degraded more rapidly than the wild-type protein, thus requiring greater levels of expression. This interpretation was confirmed by Western blot analysis showing far lower amounts of FtsN in the cysteine mutants (Fig.  3A) , even when 1mM IPTG was added to the growth medium. The fact that these cysteine mutants could grow under these conditions despite sub-physiological levels of FtsN (Fig. 3A , compare to lane 5) would suggest that FtsN levels are normally in vast excess. However, it is possible that growth of the FtsN cysteine mutants is at least in part supported by functional FtsN degradation products not detected by our antiserum. Growth in minimal medium required significantly greater concentrations of IPTG for strains expressing the cysteine mutants relative to those expressing the wild-type allele, possibly due to peptides present in LB that may act as osmoprotectants for cells growing as long filaments, which are known to be particularly sensitive to lysis. It is also possible that the high levels of glucose present in the M63 minimal medium repressed transcription from the P BAD promoter regulating expression of the genomic, wild-type copy of ftsN, or from the P Lac promoter regulating the plasmid-borne copy of ftsN in each strain.
Duncan et al report approximately fourfold lower FtsN levels in dsbA -strains compared to wild-type strains when cultures were grown aerobically, and our results suggest a similar decrease in protein levels. However, we also find that these levels drop further still when dsb -strains are subjected to anaerobic conditions. This strongly suggested that background oxidation of FtsN is taking place in dsb -strains grown aerobically, and chemical alkylation experiments bore this out. While this background oxidation is often significantly less efficient than DSB-mediated disulfide bond formation, it is clearly sufficient to maintain a pool of active, stable FtsN, thereby preventing any major defects in cell division. We have recently found that dsb -strains cannot sustain anaerobic growth, and the results described here point to non-functional FtsN as a major potential reason for such a defect. Our attempts to rescue anaerobic growth of a DdsbA strain by overexpressing wild-type FtsN or FtsNDSPOR were unsuccessful, however, suggesting that additional cell wall-associated proteins require disulfide bonds for growth. How might the instability associated with a nondisulfide-bonded SPOR domain cause such profound defects in cell division? The Dsb system is but one of several systems present in the bacterial periplasm dedicated to the proper folding of substrate proteins. Such systems include chaperones like Spy (Quan et al., 2011) , SurA (Lazar and Kolter, 1996) , ZraP (AppiaAyme et al., 2012), and others. The loss of such systems can lead to improperly-folded or unfolded proteins, which can in turn trigger an unfolded protein stress response. Much of this response is driven by the r E regulon and the Cpx system (Raivio and Silhavy, 2001; Ruiz and Silhavy, 2005) , whose activation leads to the upregulation of chaperones and proteases necessary for periplasmic homeostasis. Model comparisons of the FtsN SPOR domain suggest that a disulfide bond should exert very little effect on the overall domain structure (Duncan et al., 2013) , but our results demonstrate that the physiological consequences of eliminating this bond are profound. One explanation for such a seeming discrepancy is that the structure of the SPOR domain might be significantly altered by binding of peptidoglycan or by the potential association of FtsN with other proteins like FtsI. Such associations might exacerbate the structural changes predicted for a nondisulfide-bonded SPOR domain. We hypothesize this would set off a response that leads to the processive proteolytic degradation of some or all of the FtsN protein, including the essential domain, thus rendering it nonfunctional. Alternatively, it is possible that the overall architectures of disulfide-bonded and non-disulfidebonded FtsN are similar, with the disulfide bond acting to mask a potential targeting signal for proteolytic digestion. In either case, the disulfide bond is crucial for maintaining sufficient levels of active FtsN under physiological conditions.
While the SPOR domain is dispensable for growth, its contribution to the function of FtsN must provide the cell with a selective advantage within the context of proper cell division. As with many other cell wall proteins, the stability of this SPOR domain is maintained via a disulfide bond. Productive cell division is thus directly linked to proper disulfide bond formation within the periplasm. It is striking, however, that FtsN does not appear to require the DSB system to catalyze the formation of this disulfide under aerobic conditions. Such background oxidation of DsbA substrates has been observed previously, and the efficiency with which it can mediate disulfide bond formation varies widely among the numerous DsbA substrates. For example, when dsbA is deleted, one outer membrane protein (OmpA), appears to be present in both disulfide-bonded and reduced states, while another (RcsF) appears to be completely reduced (Kadokura et al., 2004) . The stability of the reduced forms of these proteins is also widely variable. While a reduced OmpA appears to be stable (Kadokura et al., 2004) , the flagellar motor protein FlgI is completely degraded without its disulfide bond (Dutton et al., 2010) , similar to FtsN.
The nature of the 'background oxidation' in mutants lacking a functional DSB pathway is not clear. Our lab has previously attempted to identify other enzymes potentially responsible for introducing disulfide bonds in the absence of dsbA (Rietsch et al., 1996; Chng et al., 2012) , but none were ultimately found to account for the observed background oxidation. This left open the possibility that the relatively inefficient process of oxygen-mediated disulfide bond formation may be sufficient for proper folding of some proteins. The results shown here are the first demonstration that an aerobic environment can support sufficient disulfide bond formation in essential proteins in the absence of the DSB pathway. It will be important to elucidate the mechanism by which oxygen contributes to disulfide bond formation and why this process is more efficient for some proteins than others.
Experimental procedures
Plasmids and strain construction
The plasmids and strains used in this study are listed in Table  2 . Site-directed mutagenesis of ftsN was performed by PCR amplifying plasmid pNP11 using primers BAM159 (5 0 -CGCTGGATGGTGCAGAGCGGTTCGTTCAGAG-3 0 ) and BAM160 (5 0 -CTCTGAACGAACCGCTCTGCACCATCCAG CG-3 0 ) for Cys252Ser and BAM161 (5 0 -GCGGGTCATA-CAAACAGCATTCGGCTCGCCG-3 0 ) and BAM162 (5 0 -CG GCGAGCCGAATGCTGTTTGTATGACCCGC-3 0 ) for Cys312 Ser. Purified PCR products were digested with DpnI and transformed into NEB-10b competent cells (New England Biolabs, Ipswich, MA) . To create the Cys252/312Ser double mutant, the ftsN (Cys252Ser) mutant plasmid was amplified with BAM161 and BAM162 and treated as above. Plasmids were sequenced to confirm mutations in ftsN. Sequencing reactions were carried out with an ABI3730xl DNA analyzer at the DNA Resource Core of Dana-Farber/Harvard Cancer Center. 
Growth conditions
Cultures were grown in LB (1% tryptone, 0.5% yeast extract, 1% NaCl) or M63 minimal medium containing 0.2% glucose (M63glu). All anaerobic experiments were carried out at 378C in a Coy anaerobic chamber (85% N 2 , 10% H 2 , 5% CO 2 ). M63glu supplemented with 40 mM KNO 3 was prepared for anaerobic growth experiments by first boiling to de-gas and then placing in the anaerobic chamber to equilibrate for several days before use.
Determining minimal IPTG concentration necessary for growth of strains expressing different ftsN alleles
Strains were grown overnight in either LB or M63glu containing 1mM Isopropyl b-D-1-thiogalactopyranoside (IPTG). These cultures were used to inoculate fresh media containing 1mM IPTG at a 1:50 dilution. When cultures reached mid-log phase (approximately 3-4 h), the OD 600 was determined. These cultures were used to inoculate media lacking IPTG to a starting OD 600 0.001. 100 mL of this dilute culture was then aliquoted into each well of a 96 well plate containing dilutions of IPTG from 0-1mM. Plates were left unshaken at 378C, and after 24 h growth was inspected visually to determine the minimal concentration of IPTG required for growth of each strain. Each strain was assayed in triplicate.
Growth curve of strains expressing various ftsN alleles BOM521, BOM522, BOM523, and BOM541 were grown overnight at 378C in M63glu with1mM IPTG in triplicate.
Cultures were used to inoculate fresh medium at a 1:50 dilution and grown to mid-log phase. The OD 600 was determined for each strain, and then aliquots were centrifuged for 2 min at 6000 3 g to remove medium. Pellets were resuspended in M63glu containing 50mM IPTG, then diluted to a starting OD 600 0.01 in 5 mL of same medium. Culture tubes were placed on wheel at 378C and OD 600 was monitored over time. For determination of the number of colonyforming units (cfu), the same procedure was followed as above, but samples of cultures were taken over time, serially diluted, and plated to LB containing 0.5 mM IPTG. These plates were incubated at 378C overnight and cfu were enumerated the following day.
Microscopy
To visualize the cell morphology of strains expressing the various alleles of ftsN, 250 ml samples of BOM521, BOM522, BOM523, and BOM541 were taken after 5 h growth in M63glu with 50mM IPTG. Samples of BOM522, BOM523, and BOM541 were centrifuged for 2 min at 6000 3 g and supernatants were removed. Resuspension of the cell pellets in 50 ml fresh medium resulted in a fivefold concentration. Ten microliter of cultures were applied to 1% agarose pads affixed to microscope slides and samples were visualized using DIC microscopy.
Immunoblot analysis
Strains were grown overnight at 378C in M63glu with 1mM IPTG where appropriate. These cultures were diluted 1:50 into fresh medium and grown for approximately 4 h. One milliliter samples of BOM521, BOM522, BOM523, and BOM541 were immediately processed for immunoblot analysis. For HK295, HK317, and HK320, 1mL of these log-phase aerobic cultures was placed on ice while awaiting processing. Meanwhile, cultures were diluted 1:10 into M63glu with 40 mM KNO 3 in an anaerobic chamber and allowed to grow for 4 h at 378C. We have previously found that while dsb -strains can initially grow when transferred to anaerobic conditions, growth ceases around this timepoint. At this point 1 mL of the anaerobic cultures was removed and processed along with the aerobic samples. To process samples, trichloroacetic acid (TCA) was added to cultures to 10% and placed on ice for 10 min. Samples were then centrifuged for 10 min at 15000 3 g at 48C. Protein pellets were washed with 600 mL of cold acetone and incubated on ice for 10 min. After centrifugation for 3 min at 15,000 3 g, the pellets containing precipitated proteins were resuspended in 100 mL 100 mM Tris-HCl pH 8 with 1%SDS. Dithiothreitol (DTT) was added to 100 mM and incubated for 1 h at room temperature. Samples were diluted to 1 mL with M63glu and proteins were reprecipitated with 10% TCA and washed with acetone as previously indicated. Following centrifugation, pellets were resuspended in 100 mM Tris-HCl pH 8 with 1%SDS and the total protein concentration of each sample was determined via Pierce BCA assay (Thermo Fischer Scientific, USA). All protein samples were adjusted to 800 mg mL 21 of protein with 100 mM Tris-HCl pH 8 with 1%SDS. Then, 10 mg (12.5 mL) of each was mixed with 12.5 mL of 2X Laemmli sample buffer (BIO-RAD Laboratories, USA) and 100 mM dithiothreitol (Enzo, USA). Samples were run on a 12% SDS-polyacrylamide gel and transferred to a PVDF membrane, which was blocked for 1 h with 15 mL Tris-buffered saline containing 0.1% Tween-20 (TBS-T) and 5% powdered milk. Rabbit antiserum raised against a fusion of maltose binding protein (MBP) to the soluble periplasmic portion of FtsN was then added at a 1:5000 dilution and incubated at room temperature for 1 h. The membrane was washed 3 times with TBS-T and then incubated for 1 h in TBS-T with 5% milk containing a 1:50,000 dilution of ECL anti-rabbit antibody conjugated to horseradish peroxidase (GE Healthcare, UK). After three more washings with TBS-T, membrane was prepared for visualization using the Amersham ECL Prime system (GE Healthcare, UK) as per manufacturer's instructions.
Chemical alkylation of E. Coli FtsN
Chemical alkylation was performed by growing HK295 and HK317 to an OD 600 of 0.6 in M63 glucose minimal medium. As a control for non-alkylated FtsN, 1 mL of each culture was prepared as described above and another 1 mL was used for chemical counter-alkylation as follows. To block reduced cysteines, 1 mL of each culture was treated with 60 mM NEM (N-Ethylmaleimide, Thermo Scientific) for 30 min at room temperature. Then, proteins were precipitated with 10% TCA and incubated for 10 min on ice. Proteins pellets were obtained by 10 min centrifugation (13,000 rpm), then washed with cold acetone and incubated on ice for 10 min. Protein pellets were again centrifuged for 10 min and solubilized in 100 mM Tris pH8 containing 1% SDS. Solubilized proteins were then treated with 100 mM DTT (dithiothreitol) for 30 min at room temperature in order to reduce oxidized cysteines. Proteins were re-precipitated with TCA and washed with acetone as indicated above. Protein pellets were solubilized in 100 mM Tris-HCl pH 8 containing 1% SDS. Five microliter samples of each were used to determine protein concentration by Bicinchoninic Acid method (Pierce BCA protein assay kit, Thermo Scientific). Solubilized protein extracts were split in two, then one sample (NEM) was treated with 100 mM DTT (Dithiothreitol, Enzo) and the other sample (AMS) was treated 12.5 mM AMS (4-acetamido-4-maleimidylstilbene-2,2-disulfonic acid, Life technologies). Both samples were incubated for 45 min at room temperature and saved at 2208C until use. Reducing 23 Laemmli sample buffer (Bio-rad) was added to approximately 5mg of total protein and subjected to SDS-PAGE using 10% Tris-HCl polyacrylamide gels (Bio-rad). The proteins were transferred onto PVDF membranes and immunoblotted with FtsN antiserum as above.
